Summary. Six heifers were injected i.m. with 2500 i.u. PMSG followed by 15 mg prostaglandin 48 h later. Serial blood samples were collected through a catheter in the caudal vena cava every 10 min for 8 h on Day 10 (7 h after PMSG administration), during luteal regression (7 h after prostaglandin administration) and on the day thereafter. Four normally cyclic heifers served as a control group. Concentrations of progesterone, androstenedione, oestradiol, LH, FSH, and PMSG in the vena cava samples were measured and the frequency and amplitudes of episodic pulses of all hormones were estimated except for PMSG. Ovaries were collected by ovariectomy at 50 h after onset of luteal regression to determine the number of preovulatory follicles (non-atretic follicles \ m=ge\ 10 mm).
Introduction
Administration of pregnant mare serum gonadotrophin (PMSG) during the luteal phase is a widely used procedure to increase the ovulation rate in the cow with the ultimate purpose of increasing the number of embryos suitable for embryo transplantation. A main drawback of the method is the high variation in the number of viable embryos and the variability of the response to the PMSG injection in terms of number of ovulations. Part of the variation can be attributed to the total number of growing follicles in the ovaries before treatment (Monniaux et al, 1983) . However, differential effects of PMSG on the presumptive preovulatory follicles also contribute to the variability of the ovulation rate. It can be assumed that PMSG profoundly interferes with the ovarian-hypothalamic-pituitary axis and intraovarian regulation mechanisms, due to the long half-life of the hormone and to the fact that it has follicle-stimulating hormone (FSH) and luteinizing hormone (LH) activity (Schams et al, 1978) .
These properties are not only beneficial but also negatively affect the normal sequence of physiological events of follicular development and oocyte maturation. Neutralization of PMSG after the preovulatory LH peak by a monoclonal antibody increases the ovulation rate Dieleman et al, 1989) . However, abberations in follicular development (Dieleman & Kruip, 1980; Moor et al, 1984; Caliesen et al, 1987) and in hormone profiles in the peripheral blood (Saumande, 1980; do occur in the period between the adminis¬ tration of PMSG and the preovulatory LH peak. In 15-20% of PMSG-stimulated cows the LH peak is not even elicited Caliesen et al, 1987) .
In this study, we investigated the pulsatile secretion patterns of gonadotrophic hormones and of steroids to obtain a better understanding of the mechanisms by which PMSG acts. Preliminary results have been published (Bevers et al, 1988a ).
Materials and Methods
Animals and experimental design. Experiments were performed with 10 Dutch-Friesian heifers weighing between 300 and 350 kg. They were started after at least one oestrous cycle indoors with normal luteal function and oestrus.
At 02:00 h on Day 10 (Day 0 = day of first standing oestrus), 6 randomly chosen heifers were injected i.m. with 2500 i.u. PMSG (Folligon: Intervet International bv, Boxmeer, The Netherlands) followed by an i.m. injection of 15 mg prostaglandin F-2a (Prosolvin: Intervet International bv) 48 h later. The other 4 heifers served as a control group of cyclic heifers in which the normal course of follicle development was not affected by exogenous gonadotrophins and/or prostaglandins (PG).
All heifers were ovariectomized 50 h after onset of luteal regression. Onset of luteal regression in the control heifers, defined as the time after which the progesterone decreased in at least 3 successive samples (Dieleman et al, 1986) , was assessed by estimating the progesterone concentration in the peripheral blood with a rapid radio¬ immunoassay (RIA) (Dieleman et al, 1983a) . At Day 5 of the treatment cycle a catheter was surgically inserted in all heifers as previously described (Bevers et al, 1988b) . The tip of the catheter was located in the vena cava near the bifurcation with the vena ovarica. Correct placing was assessed according to Walters et al (1984) (Dieleman et al, 1983b) .
Plasma concentrations of FSH were estimated as described by Cheng (1978) and validated in our laboratory (Dieleman et al, 1983b) . Plasma concentrations of LH and PMSG were estimated by previously validated RIA methods (Dieleman et al, 1983b; . The intra-and interassay coefficients of variation for the FSH, LH and PMSG RIA were <9 and <13% respectively. The sensitivities were 0-4pg bFSH HS-2-17/1, 0-4pg NIH-LH-B4/1, 0-3 pg PMSG-PM23/1 for the RIA of FSH, LH and PMSG respectively. Cross-reactions of PMSG in the homologous RIAs of bLH and bFSH were <0-2% and <0-06% respectively.
Collection and dissection offollicles. Ovaries were collected by ovariectomy (Dieleman et al, 1983a) at 50 h after the onset of luteal regression. Follicles > 5 mm in diameter were dissected free of stromal tissue, their diameter measured and classified under a stereomicroscope according to the criteria described by Kruip & Dieleman (1982) . Non-atretic follicles > 10 mm in diameter were considered as preovulatory.
Calculations and statistics. A rise in a hormone concentration was considered to be a pulse when the value of 2 consecutive samples were greater than the mean of 2 previous samples (nadir) and the value of at least one of the peak samples exceeded the nadir by more than twice the coefficient of variation of the assay . The difference between the maximum value during a pulse and the nadir was considered as the pulse amplitude. Basal concentrations over a particular serial sampling period were calculated as the mean value of the lowest 25% of values over that period . Data were analysed by multivariate repeated measurements analysis (Srivastava & Carter, 1983) on significance of treatment with PMSG, on day effect and on day treatment inter¬ actions with regard to the 3 frequent sampling periods. To preserve homogeneity of variance of the pulse frequency distribution, these data were transformed by taking the square root of the number of pulses observed in each sampling period.
Results
In all treated and control heifers the jugular blood concentration of progesterone fell to <3-2 nmol/1 after luteolysis. The vena cava blood concentration of progesterone was at least 2-3 times higher than in jugular blood samples in all heifers during the luteal phase. This demonstrated that the tip of the catheter in each animal was correctly located in the caudal vena cava near the bifurcation with the vena ovarica. Mean ( +s.e.m.) PMSG concentrations during the 3 sampling periods were 8-9 + 0-6, 8-2 + 0-5, 6-6 + 0-6, 11-8 + 1-26, 71 + 0-8 and 6-2 + 0-8 µg/l in the treated heifers (Nos 1-6 respectively). There was no correlation between the PMSG concentration and the number of Fig. 1 ). The concentration and the amplitude showed a significant (P < 0001) day effect between the 1st and 2nd and between the 2nd and 3rd sampling period.
Administration of PMSG had no effect on the episodic release pattern of androstenedione (Table 2 ; Fig. 1 ). In treated and control heifers the concentration of the hormone and the pulse amplitude were decreased in the follicular phase, but pulse frequency was unaltered. There was a significant (P = 002) day effect for the plasma concentration between the 2nd and 3rd sampling period. In some heifers of both groups extremely high values of androstenedione were measured in 1-3 isolated blood samples of a serial sampling period (Fig. 1) . These values were not incorporated into the calculations of the parameters presented in Fig. 2 ) showed an increase in basal LH concentration after onset of luteolysis. An increase in the number of pulses occurred during luteal regression and the follicular phase whereas the mean pulse amplitude remained stationary. In PMSG-treated heifers the basal LH concentration remained unchanged in the successive sampling periods. Pulse frequency was suppressed during luteal regression and the follicular phase compared to the corresponding periods in control heifers. In treated and control heifers pulse amplitudes had similar magnitudes and they remained unchanged in the serial samplings. Pulse frequency data demonstrated a significant (P = 0-001) treatment effect, a signifi¬ cant (P = 003) day effect between the 1st and 2nd sampling period and a significant (P = 0-03) day treatment interaction effect between the 1st and 2nd and between the 2nd and 3rd sampling period. Basal FSH concentration tended to increase after onset of luteal regression in control heifers (Table 3 ; Fig. 2 ). Pulse frequency increased after onset of luteolysis whereas pulse amplitude remained unchanged in the successive sampling periods. Administration of PMSG suppressed the basal FSH concentration in all heifers. Pulse amplitude remained almost unaltered. During luteal regression and the follicular phase pulse frequency was still higher than in the Day 10 period. All 3 FSH measures were suppressed after onset of luteal regression compared to corresponding periods in control heifers. For concentration and basal values there was a significant (P < 0003) treatment effect and a significant (P < 0-01) day treatment interaction effect between the 1st and 2nd sampling period. The pulse amplitude data showed a significant (P < 001) effect with regard to treatment and tended (P < 01) to show a day treatment interaction effect between the first and second sampling period. FSH pulse frequency showed a significant (P = 0-03) treatment effect and a significant (P < 0001) day effect between the 1st and 2nd sampling period.
Discussion
Administration of PMSG mainly affected the episodic release of oestradiol, FSH and LH whereas the secretion of progesterone and androstenedione seemed unaffected. The enhanced oestradiol secretion can be fully related to an increase in the number of presumptive preovulatory follicles which are the main source of oestradiol production. The significant correlation between both leads to this assumption. The markedly increased pulse amplitude together with the hardly changed pulse frequency point to a more or less concurrent pulsatile release of oestradiol by the individual follicles. Under physiological circumstances in the sheep, the pulsatile secretion of oestradiol is entirely dependent on the pulsatile secretion of LH ). It appears, therefore, that PMSG in terms of LH activity did not overrule the endogenous LH secretion in this respect.
However, PMSG treatment did result in a difference in pulse frequency for LH and oestradiol. This suggests that the synchrony between the LH and oestradiol pulsatile secretion as shown in the cow and the sheep has been disturbed.
The finding that androstenedione concentrations exceeded those of oestradiol agrees with data from the ewe (Scaramuzzi & Radford, 1983) . In the cow, peripheral blood concentrations of androstenedione and oestradiol were reported to be similar during the follicular phase (McNatty et al, 1984) . Since bovine follicles >2 mm in diameter secrete androstenedione in the follicular fluid (McNatty et al, 1984) it is likely that the androstenedione concentration is the result of the accumulated secretion by several follicles. Androstenedione is the main substrate for the aromatase and thus the primary precursor for oestradiol synthesis by bovine granulosa cells (Dieleman & Blankenstein, 1984) . Oestradiol production and preovulatory follicular development are regulated by increases in LH activity which promotes androstenedione biosynthesis (Bogovich & Richards, 1982) . Therefore, the decrease in the androstenedione blood concentration during the follicular phase in treated as well as in control heifers can be related to increased oestradiol production by individual preovulatory follicles. This is supported by the higher concentrations of oestradiol, exceeding those of androstenedione, in follicular fluid of preovulatory follicles collected shortly before the LH surge (Dieleman et al, 1983b; Fortune & Hansel, 1985; Bevers et al, 1988b) . Our data with regard to androstenedione are in agreement with studies of Schenken & Hodgen (1983) showing that hyperstimulation of follicular growth in monkeys by exogenous FSH had no effect on the peripheral blood concentrations of androstenedione.
The enhancement of basal LH concentrations and the considerable increase in pulse frequency after onset of luteal regression in normally cyclic cows are in accordance with previous studies (Rahe et al, 1980; Schallenberger et al, 1985) . The tendency for basal FSH increase in the control cows during and after luteolysis differs from previous studies (Butler et al, 1983; Padmanabhan et al, 1984; Schallenberger et al, 1985) which report steady or declining levels. The increased pulse frequency confirms the observations of Schallenberger et al (1985) . (McNeilly, 1984; Clarke et al, 1986; Martin et al, 1986 Martin et al, , 1988 Quirk & Fortune, 1986; Tsonis et al, 1988) have shown that inhibin and oestradiol in synergistic co-operation are responsible for the negative ovarian feed-back on FSH secretion. It may be assumed that the suppression of FSH in PMSG-stimulated cows is caused by the strongly increased concentrations of oestradiol and probably also inhibin due to the enhanced number of preovulatory follicles. In the ewe there is evidence that administered FSH increases the secretion of inhibin in ovarian venous plasma (Tsonis et al, 1988) .
The effects of PMSG on the pulsatile secretion of LH are complex and difficult to interpret. On the one hand a significant reduction in pulse frequency is obtained, whereas on the other the LH surge is elicited earlier than in normally cyclic cows in at least 4 of 6 cows in this experiment, which is in accordance with previous data . In sheep and cows, oestradiol inhibits LH pulse amplitude and progesterone inhibits pulse frequency (Goodman & Karsch, 1980; McNeilly et al, 1984; Schallenberger et al, 1984) . This largely accounts for the increased pulse frequency after onset of luteal regression in normally cyclic animals. The decreased pulse fre¬ quency, a variable solely under hypothalamic control (Martin et al, 1987) , in PMSG-treated cows might be caused by an inhibition of GnRH release, through an effect on the hypothalamus. This cannot be related to negative feed-back of progesterone, since treated heifers showed the same progesterone pattern during luteolysis and thereafter as did the normally cyclic heifers. Inhibin should be excluded as well. It hardly affects the secretion of LH (McNeilly, 1984; Quirk & Fortune, 1986; Martin et al, 1988) except for some attenuation of the pulse amplitude (Clarke et al, 1986) through an inhibitory effect at the pituitary level. However, the feed-back action of oestradiol on the hypothalamic and the pituitary level with regard to LH release appears to be a complicated balance between inhibition and stimulation which has not been fully clarified. Presumably, disturb¬ ance of this balance by the sustained high concentration of oestradiol in PMSG-stimulated cows might have resulted in suppression of LH pulse frequency and accelerated occurrence of the pre¬ ovulatory LH peak. Why the LH peak does not occur in about 20% of the PMSG-stimulated cows Caliesen et al, 1987) is not yet clear. Deviations in concentrations of PMSG, cortisol or prolactin are not responsible for a missing LH surge . It is possible that a so-called gonadotrophin-surge inhibiting factor, as demonstrated in the sow (Danforth et al 1987) , is also secreted by developing bovine follicles.
This study concentrated on the pulsatile hormone secretion in PMSG-stimulated cows before the occurrence of the preovulatory LH peak, showing suppressed pulsatile secretion of the endogenous gonadotrophins and an enhanced oestradiol concentration. Whether these aberrations adversely affect preovulatory follicular development and oocyte maturation, and thus contribute to the variation in viable embryo yield after superovulation, remain to be investigated.
